ROENTGEN RAY INTOXICATION : II. THE CUMULATIVE EFFECT OR SUMMATION OF X-RAY EXPOSURES GIVEN AT VARYING INTERVALS. by Warren, S. L. & Whipple, G. H.
ROENTGEN  RAY INTOXICATION. 
II. T~E CIr~ULATrVE E~FECT OR SUMM-&TION OF X-RAY  EXPOSURES 
GIVEN AT VARYING  INTERVALS. 
BY S.  L.  WARREN, M,D.,  A~ G.  H. WHIPPLE, M.D. 
(From The George Williams Hooper Foundation/or Medical  Research,  University 
of California Medical School, San Francisco, and the School oJ Medicine and 
Dentistry,  University of Rochester, Rochester, N. Y.) 
(Received for publication,  July 6, 1923.) 
It  is  generally  accepted  that  x-ray  exposures  repeated  at  short 
intervals  give a  summation effect but  the  observations are  largely 
concerned with skin injury in human beings and little if any with the 
influence of the rays upon the deeper lying tissue cells.  The evidence 
of our experiments indicates that the injury done the deep tissue cells 
does not follow the same summation laws observed clinically to apply 
to the cells of the epidermis. 
We have a fairly accurate measure of the injury done to the epithe- 
lium of the small intestine and in the dog can predict with considerable 
accuracy the clinical reaction, lethal or sublethal, which will follow a 
given x-ray  exposure of  the  abdomen.  The  minimum lethal  dose 
(~r.L.D.)  under  uniform  conditions  in  our  experiments  has  been 
pretty  accurately  determined  and  is  fairly  constant  (Warren  and 
Whipple  (2)).  Therefore we  are  able-to  give  any  fraction  of  the 
minimum lethal  dose  at  long  or  short  intervals  and  observe  the 
clinical reaction, which gives us a relatively accurate measure of the 
amount of summation under such conditions.  These clinical data are 
supplemented by autopsy material. 
Since the completion of these experiments a paper by Kingery (1) 
has appeared which is of great interest in this connection.  We regret 
that we had no opportunity to plan experiments to test more com- 
pletely the interesting formula of Kingery.  Our experiments as they 
stand indicate that Kingery's formula for x-ray skin erythema does 
not in any way hold for the x-ray injury of intestinal epithelium.  It 
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is  unlikely therefore that  his  formula  can  be  applied  to  the injury 
done  by  the  x-rays  to  cancer or  tumor  cells  lying below  the  skin 
surface.  Such evidence as  we have indicates  that  each  cell,  in its 
own reaction to the x-ray, is a law unto itself and we have no  data 
which  enable  us  to  predict  the  reaction  of  any  given  cell  from 
knowledge concerning the reaction of any other Similar or different 
body cell.  This statement probably holds  for tumor cells  and  the 
difficulty of establishing a  formula to meet all requirements becomes 
apparent.  It  will  be  distinctly  worth  while  to  extend  Kingery's 
observations on skin erythema to animals where more complete control 
can  obtain.  The dog is  a  very valuable animal  for  such work  as 
its skin is quite sensitive to the x-ray and the reaction constant. 
Method. 
In  these  experiments  the  average  maximum  sublethal  dose  (320 
milliampere minutes)  was  divided into certain fractions which were 
administered over the abdomen of a series of dogs at different  intervals. 
The source of radiation was the same as that in the other experiments 
reported.  A  standard  autotransformer  machine  was  used  at  an 
E.~r.F.  of 85 to 95 kilovolts.  The spark-gap measured 21 to 23.7 cm. 
between sharp points.  A  medium focus  Coolidge  tube  was  set  at 
a  skin  target distance of 25  cm.  The filament current was  usually 
8 milliamperes and the dosage was computed in milliampere minutes 
(~t.x.~t.).  As a filter 2 ram. sheets of aluminum were used throughout. 
No  screens were used and  the  abdomen was  exposed in  quadrants, 
halves,  or as  a  whole,  depending usuaily on the size of the animal. 
Complete anatomical and histological studies were made in each case 
at autopsy at the end of the experiment. 
EXPERIMENTAL  OBSERVATIONS. 
Experiment/.--Dog  20-16 was given approximately one-half of the maximum 
sublethal dose, i.e. 160 ~t.A.M., over a different quadrant of the abdomen at 6 day 
intervals.  Every 2nd or 3rd day after exposure the symptoms of intoxication 
appeared.  Intoxication increased in severity until the 4th day and then subsided. 
This was repeated in the same sequence  with about the same severity of symptoms 
after each separate radiation.  The total from all exposures was 640 ~.A.M. (two 
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ether on the 34th day (16 days after the last radiation).  The mucosa of the small 
intestine was  rough  and  granular  throughout  most  of its length.  There were 
several thin walled sections where the mucosa had entirely disappeared.  Micro- 
scopically there was much  dead  epithelium seen in every section of the small 
intestine.  Regeneration, which occurs very rapidly, was noted everywhere in this 
tissue.  ~lhis regeneration as is usual was made up in part of somewhat atypical 
cells.  There was a  certain amount of leucocytic infiltration at the bases of the 
mucosa crypts.  The colon showed the same picture to a moderate degree.  As a 
whole the picture was that of widespread destruction and injury of much of the 
intestinal epithelium with an effort on the part of the remaining cells to cover over 
the injured surfaces and regenerate toward normal.  The spleen and mesenteric 
lymph nodes were atrophied and showed a  remarkable amount of pigment and 
phagocytosis. 
The clinical reaction, diarrhea and intoxication, was most severe following the 
second and third exposures.  It was less intense in the later treatments.  We may 
wish to explain this observation on the basis of increasing resistance or tolerance 
on the part of the intestinal epithelium or it may be that less epithelium remains 
following the first injury and therefore the toxic reaction resulting from subsequent 
injury by the x-ray is less severe.  It is possible that the animal develops a toler- 
ance for the toxic products causing the clinical reaction.  According to Kingery's 
formula and his experimental curves it should have been safe to repeat the amount 
of dosage given this animal every 3½ days but from the clinical appearance of the 
animal we believe this procedure would have been fatal. 
Experiment 2.--Dog  20-24  was given 80  ~.A.M.  (one-fourth of  the maximal 
sublethal dose) over one-half the abdomen every other day.  The clinical symp- 
toms  were  progressively severe.  Intoxication appeared  at  240  to  320  ~.A.~r. 
(13th day).  Death occurred 4 days later after 640 ~.A.~. (two maximal sublethal 
doses) had been given during ].4 days.  There was extensive  destruction of the 
mucosa of the jejunum and ileum with patchy areas of regeneration.  Few normal 
epithelial cells were to be seen.  Kingery's figure  1 demonstrating 25 per cent dosage 
on alternate days, at the end of 14 to  16 days indicates only about 50 per cent 
saturation but  this experiment indicates a  distinct oversaturation by a  similar 
percentage dose. 
:Experiment 3.--Dog 20-39 was given one-fifth of the maximum sublethal dose, 
or 64 ~.A.~., over a  third of the abdomen every day for 6 days.  The total, 384 
~.A.~., was followed by a fatal issue 3 days after the last radiation (8 days in all). 
The clinical symptoms and the severity of the lesions did no.t differ appreciably 
from experiments in which the M.Lm. was given in one massive dose.  The effect of 
the radiation was not apparent until over one-half of the total amount had been 
given and the severe symptoms did not start until the M.L.D. was administered. 
Death occurred 3 days later much as in single massive ~r.L.D. experiments.  The 
destruction of the epithelium of the mucosa was widespread and  showed little 
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regeneration.  The anatomical  picture resembled that following a M.L.9. given in 
a  single  exposure.  On  the  other hand,  Kingery's chart for 20 per  cent daily 
dosage only reaches about 60 per cent saturation on the 5th day and by the 8th 
day this should have decreased to about 20 to 30 per cent or so of what he calls 
"residual irradiation  effects." 
Experiment 4.--Dog 20-28  was given one-sixth  of the saturation  dose, or 56 
~.A.M., over a half of the abdomen  every day for 6 days (a total of 336 ~.A.~. 
within the 6 days).  The severity of the symptoms increased proportionately after 
one-half  of the dosage  was administered  until  the sublethal  amount was given, 
after which for several days clinical intoxication  was severe.  Another dose of 56 
~.A.M. undoubtedly would have produced a lethal effect.  The symptoms receded 
in much the same manner as if the sublethal  dose had been given in one massive 
dose.  The dog contracted distemper  and died 13 days after the last exposure to 
radiation and after the symptoms following the radiation had practically subsided. 
There was evidence of widespread destruction of the epithelium of the small intes- 
tine with generalized epithelial cell degeneration.  Roughly compared to Kingery's 
daily dosage chart, 15 per cent dosage at the sixth dose would have reached  only 
50 per cent saturation.  In our experiment, however, it  approached  a  sublethal 
effect by the sixth dose just as if there had been no spacing of the total dosage. 
Experiment 5.--Dog 20-53 was exposed to 100 M.A.~r. over a third of the abdo- 
men every other day for three doses and 30 ~.n.~. were given for the fourth dose. 
It was apparent here also that a full fourth dose would kill the animal.  Intoxica- 
tion was manifest at 200 ~.A.M. and diarrhea  at 300 M.A.~.  The symptoms were 
severe and just sublethal.  The animal recovered to succumb to distemper  17 days 
after the last radiation.  Kingery's curve for 25 per cent dosage on alternate days 
does not pass saturation even in the 16 days charted.  Our alternate daily  dosage 
of "25 per cent" approached saturation on the 6th day.  It was evident from the 
clinical picture that this dose was just sublethal. 
DISCUSSION. 
The summation of x-ray dosage is brought out very clearly by the 
five  experiments  given  above.  It  seems  that  during  a  period  of  5 
or 6 days there is little difference as regards x-ray intoxication whether 
one  large  dose  or  a  number  of small  doses  are  given,  provided  the 
same total number of milliampere minutes is administered to the dog. 
For example, one single dose of 320 milliampere minutes causes very 
severe  clinical  intoxication  and  extensive  injury  of  the  intestinal 
epithelium  but  almost  always  recovery  follows.  Again  a  dose  of 
336  milliampere  minutes  given in  divided  doses  of  56  milliampere 
minutes every day for 6 days gives very severe sublethal intoxication 
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little  more gradual  when  the  small doses are  given but  otherwise 
there is little or no difference.  At times we may suspect that a dog 
will tolerate a  slightly greater sum of milliampere minutes in small 
doses than in a single large dose but this rarely exceeds 10  per cent 
of the large dose. 
When intervals of 6 days or longer supervene between x-ray doses 
we find little if any summation and at  times even a  suggestion of 
increased tolerance to subsequent x-ray  exposures  (Experiment 1). 
We recall that the picture of clinical x-ray intoxication following 
radiation of the abdomen in dogs presents a  remarkable parallel to 
the  sequence  of  changes in  the  epithelium of  the  small  intestine 
(Warren and Whipple (2)).  Epithelial injury is evident on the 1st 
day after radiation and marked on the 2nd day.  The 3rd day shows 
extensive breaking down of this injured epithelium and its removal. 
The 4th day marks the extreme stage of epithelial injury and this 
coincides  with  the  severe  clinical  intoxication.  Epithelial  repair 
is in evidence on the 3rd and 4th days but becomes conspicuous on 
the 5th,  6th,  and subsequent days.  One  cannot escape the belief 
that the epithelial disintegration is responsible in large measure for 
the clinical intoxication.  We know that disturbance of this epithelium 
may cause acute and fatal  intoxication  (intestinal obstruction and 
intussusception).  One  may  suspect  that  split  products  (proteose- 
like bodies) of the injured epithelium may well be concerned in the 
essential toxic reaction. 
There is convincing evidence that the amount of clinical intoxica- 
tion is proportional to the amount of intestinal mucosa injured by the 
x-ray rather than to the size of the x-ray dose.  For example,  * a very 
large dose given through a small aperture in a lead screen will destroy 
all the intestinal epithelium in the track of this beam of radiation, 
causing slight clinical intoxication, but the same dose given diffusely 
over the abdomen with no limiting screen would be promptly fatal 
with widespread destruction of the epithelium of the mucosa of the 
small intestine. 
It is clear from the above experiments that Kingery's formula does 
not hold for the x-ray injury of the intestinal epithelium.  We  are 
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inclined  to  believe that  injury  of  cancer  cells by the  x-ray  will  be 
found to resemble more closely this injury of the sensitive intestinal 
mucosa, and in giving repeated therapeutic x-ray treatments of cancer, 
the data of our experiments  should serve a  useful purpose. 
SUMMARY. 
A single large dose of x-rays over the abdomen will cause a definite 
injury of the mucosa of the  small intestine  and  the  severity of the 
clinical  intoxication  seems  to  parallel  this  recognizable  epithelial 
injury.  This clinical intoxication lasts 4 to 6 days if the x-ray dose 
is sublethal.  Subsequent doses of radiation given within this period 
of clinical intoxication give recognizable evidence of summation or a 
cumulative effect. 
Small  but repeated  doses of radiation  given within  a  5  or 6  day 
period will cause practically the same cell injury and clinical intoxica- 
tion as  will  a  single  dose representing  the  sum  of  the  small  doses 
expressed  in  milliampere  minutes.  Doses  of  radiation  given  at  6 
day or longer intervals show no evidence of summation. 
The  reaction  of  this  relatively  sensitive  intestinal  epithelium  to 
radiation  may be similar  to  the reaction of certain deep lying tumor 
tissues to x-ray therapy  and  our experiments may give information 
of value to physicians concerned with x-ray or radium  therapy. 
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